The recent demonstration of the reduced overpotential for the electrochemical conversion of CO 2 to CO on the surface of oxidized copper films raised the question of possible interplay existing between the electroreduction of copper to its metallic form and the adsorption of CO 2 on its surface. To study this effect and better understand the factor governing the CO 2 adsorption on the surface of copper-based catalysts, we studied different copper vanadates oxides known for their ability to form metallic copper particles on their surface by electroreduction in Li + -containing salt. By controlling the vanadates framework, the potential at which metallic copper is formed can be controlled and selectively be varied around the CO 2 /CO standard potential. Studying the reduction behavior of these phases in CO 2 -saturated organic media containing Li + -salt, we demonstrate that the CO 2 adsorption is correlated with the potential at which Cu particles are electrochemically formed. We further show that the CO 2 adsorption is correlated with the oxidation of copper, indicating that the overpotential is controlled by the step corresponding to the formation of Cu(I)CO 2 -intermediate.
Introduction
The rising emissions of CO 2 are one of the major threats our society is currently facing. To mitigate these emissions, the anthropogenic cycle must be closed. One of the most attractive solutions would be to use CO 2 as feedstock to make usable fuels or valuable carbon chemicals. 1 Numerous ways can be envisioned to do so, but among them the electrochemical reduction emerges as one of the most appealing due to its operating conditions (room temperature, ambient pressure, neutral pH) that makes it sustainable if coupled with a renewable source of energy. 2 Unfortunately, in aqueous media, the CO 2 reduction reactions forming CO, formic acid or other fuels often compete with the two electron reduction reaction forming H 2 from H + , namely the hydrogen evolution reaction (HER). This competition between the CO 2 reduction reactions (CO 2 RR) and HER is explained by the first electron transfer step to form the CO 2 •-radical from CO 2 ( ) that requires very low potential and which greatly limits the CO 2 RR in favor to the HER on the surface of many electrocatalysts. 3 Hence, even though the standard potential to form valuable fuels such as CH 4 (8 electron reduction) or C 2 H 4 (12 electron reduction) in water through CO 2 RR is slightly positive (E°CO 2 /CH 4 = 0.17 V vs. RHE and E°CO 2 /C 2 H 4 = 0.08 V vs. RHE), the overpotentials associated with these reactions are often found to be very large and close to 1 V. The design of cost-effective and efficient CO 2 RR catalysts is therefore of prime importance. Following the pioneering work by Hori et al in 1985, [4] [5] [6] many researches have been focusing on metals as CO 2 RR catalysts and especially on copper surfaces since CH 4 and C 2 H 4 have been demonstrated to be the major products formed at potentials below -0.9 V vs. RHE (-1.3 V vs. NHE at pH 6.8). [7] [8] [9] In addition to CH 4 and C 2 H 4 , CO and formic acid were found as CO 2 RR products at potentials comprised in the range of -0.9 to -0.7 V vs. RHE, while at potentials above -0.7 V vs. RHE the HER becomes the major reaction. Other metals such as Au, Zn, Ag, Ni or Pd were also studied and CO 2 RR products such as methanol, CO or formic acid were often found to be formed at low potentials below -1 V vs. RHE. 6, [10] [11] [12] [13] [14] Hence, even though our understanding of the CO 2 RR mechanism on the surface of copper catalysts has made great progresses since the early works, [15] [16] [17] [18] [19] only few compounds were found to have a CO 2 RR activity, calling for a better control of copper surfaces and morphologies so as to enhance its activity and selectivity. Following a classical electrocatalysis approach, Cu nanoparticles (NPs) were tested as CO 2 RR catalysts in order to increase the active surface. 20, 21 Unfortunately, the size decrease is accompanied with the increase of under-coordinated sites on the surface of Cu NPs which are very active for HER and also favor the formation of CO as CO 2 RR products over CH 4 of C 2 H 4 . New approaches have thus been developed very recently to tackle this limitation, [22] [23] [24] and among them the formation of an oxide layer on the surface of Cu or other metallic catalysts has been proven to lead to an enhanced CO 2 RR activity at relatively low overpotentials. [25] [26] [27] [28] [29] Nevertheless, the major CO 2 RR products when using such oxidized surface are CO and formic acid which are formed at potentials in the range of -0.3 to -0.7 V vs. RHE 25 and almost no CH 4 and C 2 H 4 are detected at potentials for which they are formed on the surface of bare Cu (≈ -1 V vs. RHE).
These results were further reproduced on Cu 2 O films for which the orientation was found to have no influence on the selectivity which is instead dependent on the thickness of the Cu 2 O layer. 30 This observation strongly suggests a sacrificial reduction of the Cu 2 O layer during the CO 2 RR process following Scheme 1, but to date the exact mechanism remains elusive.
Hence, the electrochemical formation of fresh Cu surfaces with controlled morphologies and surface roughness as well as particles size and density appears to be a key factor influencing the CO 2 RR activity which also presumably controls the local pH which is of prime importance for the hydrocarbons selectivity.
Scheme 1
However, inspired by the homogeneous molecular catalysis in aprotic media for which the metallic center of the catalyst acts as a redox and adsorption center, 31 using SPEX ball mill for 20 minutes. After assembly and before the electrochemical measurements, the cells initially containing argon are filled with pure CO 2 after a pumping-filling procedure repeated at least three times and equilibrated for 8 hours prior to electrochemical measurements. 37, 38 Electrochemical measurements in aqueous solution were carried out by drop casting an ink 
Results and discussion
Batteries were assembled in argon atmosphere before to be filled with CO 2 . The pressure was monitored, using a setup described elsewhere, 37, 38 during the discharge (Li insertion and Cu 0 extrusion) and the charge (copper cations re-insertion) and the corresponding curves are plotted in Fig. 2 (curves under Argon can be found in Fig. 1 during the Cu 0 oxidation and the insertion of copper cations back into the vanadate host structure upon charge during the second oxidation event is related to the desorption of species formed after the CO 2 specific adsorption onto metallic copper particles while the first oxidation peak could be related to oxidation of species formed upon discharge and is associated with no gas release. Hence, not only the CO 2 adsorption is concomitant to the reduction of copper into Cu(0) but also modifies the potential at which Cu(0) is reoxidized and during which gas is released. Therefore, these results suggest that copper oxidation state and/or environment are modified by the adsorption of CO 2 , resulting from the initial formation of a species which would be qualified in homogeneous catalysis as adduct. Interestingly, it was previously shown that the initial adduct can be further reduced in the presence of H + to form CO and H 2 O when using either protoncontaining electrolytes, either aqueous as employed for CO 2 reduction on the surface of metallic copper 5, 39 or aprotic in the presence of an acid as often used for homogeneous CO 2 reduction 3 . Nevertheless, in the absence of proton source, the Lewis acid Li + could play this role, as studied for iron-porphorine homogeneous catalysts in aprotic solvent 40 , and eventually form Li 2 O and CO upon reduction. However, the amorphous nature of Li 2 O formed upon reduction for conversion transition metal oxide materials usually prevents its detection by XRD, 41 and XPS analysis carried out in this work failed at uniquely detect its presence. Another possible pathway would be the re-oxidation of the surface of metallic copper into CuO x triggered by the absorption of CO 2 and the formation of gaseous CO through an internal redox. Observing that the oxidation peak of Cu 0 is significantly decreased in CO 2 atmosphere and also shifted in potential (Fig. 2a) and that the molar CO 2 /Cu 0 ratio is very high for a surface effect, this mechanism could be plausible. However, the desorption occurring at high potential upon oxidation would in contrary indicate that the Cu(I)CO 2
•-adduct is not reduced further upon reduction to form either Li 2 O or CuO x and that the CO 2 release is triggered by its oxidation. Hence, more has to be done to uniquely assign the overall reduction mechanism which for now remains in part elusive. Nevertheless, this study suggests that the specific adsorption of CO 2 onto freshly electrochemically formed metallic copper surfaces upon reduction follows the formation of a species which could be described poor reversibility for the conversion reaction which translates again in the observation that no gas evolution is seen in oxidation ( Fig. 3a and 3b ). This demonstrates that CO 2 is strongly bound to the electrochemically formed metallic copper surface and that only the copper oxidation can trigger the desorption process. Eventually, one can here recognize one of the major key feature of Cu surfaces, namely the strong binding energy for CO (around -0.7 eV) 8 which was demonstrated as being key for controlling the product selectivity. 42 Hence, when the potential is kept very low, the strong CO binding on the Cu 0 surface pushes towards the formation of C1 or C2 compounds 16 (Fig. 4) . For that purpose, the CO 2 /Cu molar ratio was calculated from the pressure evolution. First, a dependence for the metallic copper formation itself with the scan rate is measured. While decreasing from 0.05 mV/s to greater scan rates results in a shift of the reduction peak to lower potentials which could be explained by the rate-dependence for the size of metallic copper particles formed upon reduction, no clear dependence could be observed at greater scan rate (between 0.1 and 0.2 mV/s). Moreover, the peak intensity doesn't follow a linear trend with the scan rate, indicating that the process is presumably not diffusion limited. Nevertheless, the oxidation process is very sensitive to the scan rate, and in particular the intensity ratio between the first oxidation peak at around 2.8 V vs. Li + /Li, previously ascribed to the metallic copper oxidation and its re-insertion into the vanadate framework, and the second oxidation peak that corresponds to a gas desorption process at around 3.1 V vs. Li + /Li. In details, the second peak grows with decreasing scan rate. We then quantified the amount of CO 2 consumed during the reduction by looking at the evolution of the gas pressure and normalized it by the amount of copper atoms as given by the electrode loading. 38 Hence, the pressure drop monitored during the reduction process and assigned to CO 2 adsorption on the surface of metallic copper particles largely increases with the scan rate from 0.08 mol CO 2 / mol of Cu at 0.2 mV/s to 0.28 mol CO 2 / mol of Cu at 0.05 mV/s. This indicates that the kinetics associated with the CO 2 adsorption is indeed very slow and must certainly be limiting.
Moreover, this increase of CO 2 adsorption is directly correlated with an increase of the gas desorption, i.e. a pressure increase during the oxidation process from 0.01 mol gas desorb / mol of Cu at 0.2 mV/s to 0.21 mol gas desorb / mol Cu at 0.05 mV/s. This further exemplifies that another key challenge facing the CO 2 RR is related to the strong binding of CO on the surface of Cu and the relatively slow desorption process.
In order to further understand the potential use of the copper extrusion process as a way to selectively adsorb CO 2 , we then studied the redox behavior of the vanadate phases in aqueous electrolyte. When measured in aqueous solution at pH 8.8 (Argon saturated 0.1 M KHCO 3 ) (Fig. 5a ), similar trend as the one observed in organic electrolyte ( Fig. 1 (Fig. 1) . 33 However, in contrary to what has been observed in Li + containing organic electrolyte for which 4 distinctive redox processes have been identified, only one plateau is observed in aqueous electrolyte and it is therefore complex to identify the successive redox reactions occurring upon reduction. Following this plateau which corresponds to 600 mAh/g, the potential drops to a potential at which hydrogen is evolved, at around -0.2 V vs. RHE. For (Fig. 2a) .
Conclusion
In conclusion, we used a series of copper vanadates as a model family to demonstrate that the specific CO 2 adsorption on the surface of copper oxide catalysts is governed by the . However, the copper vanadates compounds show limited stability owing from either a large copper dissolution process and/or mechanical stresses that limit their long term integrity. Nevertheless, we were able to observe a similar CO 2 adsorption and a possible CO stripping mechanism that the one observed in organic solvent. More remains to do to study the interaction existing between oxidized copper species and CO 2 upon reduction, but this work demonstrates the importance of the internal redox of copper in order to selectively absorb CO 2 . Unfortunately, even if the design of solids with appropriate copper redox potential provides an interesting approach to tune the CO 2 RR onset potential, this strategy doesn't easily allow for tuning the kinetics related to the CO 2 RR. Hence, more remains to do to understand the key features governing the CO 2 RR kinetics for heterogeneous catalysts. 
